The purpose of this investigation is to evaluate the natural radiation dose rate to whole body and components of the Gammarus species, a zooplankton which occurs in the Hudson River among other places, and to compare the results with the upper limits of dose rates from man-made sources. The alpha dose rates to the exoskeleton and soft tissues are about 10 times the average alpha dose rate to the whole body, assuming uniform distribution of 226Ra. The natural alpha radiation dose rate to Gammarus represents only about 5 p. cent of the total natural dose to the organism, i. e., 492 mrad/yr. The external dose rate due to 40K, 238U plus daughters and 232Th plus daughters accumu lated in the sediments comprise 91 p. cent of that total natural dose rate, the remaining percentage being due to natural internal beta emitters and cosmic radiation. Man-made sources can cause an external dose rate up to 224 mrad/yr, which comprises roughly 1/3 of the total dose rate (up to 716 mrad/yr; natural plus man-made) to the Gammarus of Hudson River in front of Indian Point Nuclear Power Station. However, in terms of doseequivalent the natural sources of radiation would contribute more than 75 p. cent of the total dose to Gammarus.
INTRODUCTION
The investigation of the radiation dose to aquatic organisms under laboratory conditions and in the natural environment has been recognized by Templeton et al. (1971) as an important subsidizer to establish a baseline for studies of the effects of radiation. Two main difficulties are related to the calculations of the dose rate from radionuclides absorbed by or adsorbed on aquatic organisms in general, and plankton in particular, as follows: (i) radionuclides are seldom distributed uniformly throughout the organisms; and (ii) the wide variation in the energy and type of emissions.
Using conventional dosimetry, Cherry has assumed that 50 p. cent of the energy of alpha particles emitted in diatoms was absorbed within the organisms, without consideration neither of the distribution of alpha emitters nor the geometry of the phytoplankton diatom [3] . Later, Shannon and Cherry and Shannon [18, 19] have assumed, in new dosimetric estimations, that 25 p. cent of the total energy of alpha particles emitted in a phytoplankton would be absorbed, while for the zooplankton nearly 100 p. cent would be absorbed, assuming in both cases undefined geometries for the organisms and uniform distribution of alpha emitters. Those somewhat arbitrary assumptions led to the indication that the natural radiation dose received by plankton might be higher than the estimations (i. e., between 40 and 620 mrad/yr from deep sea sediments) made earlier by F olsom and H arley who assumed that the internal alpha dose rate to plankton would be negligible [5] . However, not until recently the first dosimetric model was introduced by W oodhead, to calculate the radiation dose to plankton [21] .
The dosimetric model developed by Woodhead assumes that all phyto plankton species are represented by a sphere of unit density tissue 50 pm density tissue 0.5 cm long and 0.2 cm diameter. Although Woodhead's model assumes these generalized geometries for phyto and zooplankton, it fails to discuss distributions of alpha emitters other than the uniform distri bution throughout the entire volume of the geometric figures adopted. As a consequence, the dosimetric model developed by W oodhead is helpful to make general comparisons, but it is inadequate to calculate the alpha dose rate to any particular species of plankton.
A dosimetric model which takes into account the distribution of alpha emitters with aid of quantitative autoradiograph is described elsewhere [15] , and it is applied here to calculate the internal alpha dose rate to selected components of Gammarus. The total (internal plus external) natural dose rate is calculated from direct measurements and then compared with the upper limits for external dose rate from man made sources in the area of the Hudson River where Gammarus have been collected. M ean alpha energy available por depostion in organisms following ACCUMULATION OF 228Ra AND 226Ra
The capacity of plankton to concentrate natural occurring radionuclides is reviewed elsewhere [16] . In particular, 226Ra, 228Ra have higher concentrations in plankton relatively to their concentrations in water. Tables I and II present the average concentrations of selected radionuclides from natural (including 226Ra, 228Ra, and 228Th) and man-made origins in Gammarus of Hudson River.
The natural alpha dose rate to an organism depends, of course, on the alpha energy available for deposition within that organism. On the other hand, the alpha energy available for deposition is a function of the fraction of the gaseous radionuclides of the natural series, i. e., 220Rn (thoron) and 222Rn (radon) that escape from the organism, because they are both alpha emitters themselves and precursors of other alpha emitters as can be seen on Tables III  and IV . Accordingly, for dosimetric purposes, it is necessary to know the mean alpha energy, EαT and EαR, available for deposition within the organisms following uptake of 228Ra and/or 228Th, and 226Ra respectively, if the dosimetry is based on counting alpha tracks in autoradiographs [15] .
The expression for EαT may be written as follows:
where Eα T-i and Eα T_j are the average alpha energies per disintegration of each radio nuclide relevant in the 228Ra chain of daughters, taking into account the frequency of emission for the particular energies; and f Tn is the fraction of thoron gas escaping from the organism. The half-life of thoron is only 55.3s and the biological mechanisms of release ordinarily last hours, therefore, it is reasonable to hypothesize that f Tn , may be considered negligible, although little is still known about the amount of thoron and radon gases produced that escape from aquatic organisms after accumulation of 228Ra and 226Ra, respectively. Thus, substituting f Tn ~ 0 into equation (1), the average alpha energy, EαT, becomes
The rationale behind the approximation f Tn ≈ 0 may be reinforced by keeping in mind that the exhalation of thoron produced in human beings depends on the nature of the internal contamination, and it ranges from 0.12 p. cent to 12 p. cent [7] . The mean alpha energy available for deposition per disintegration of 228Ra and/or 228Th calculated by equation (1) with f Tn = 0.12 (i. e., by taking the upper limit of 12 p. cent of thoron escaping) is 28.7 MeV vol. 14 -n° 2 (b) β-dose rates were calculated assuming total absorption of energy within the organisms and taking into account the average β decay energy plus the contributions of Auger and conversion electrons whenever these contributions were significant.
(c) The contributions due to Auger electrons (e A), conversion electrons (c. e.) and β-decay were calculated from [13] .
(d) Average of measurements made by gamma spectrometry and by radon-emanation technique in four samples.
which represents about 90 p. cent of the mean alpha energy available for deposition with total thoron retention.
The dose rate to Gammarus due to concentration of 226Ra is mainly due to the alpha disintegration of 226Ra itself plus the alpha disintegration of its daughter products through 214Po, since the ingrowth of 210Po is slowed by the long half-life of 210Pb C21 years). Ana- logically to the preeceding case, the mean alpha energy, Eα R available for deposition within the organism following uptake of 226Ra may be expressed as follows:
where Eα R-1 and Eα r_k are the average alpha energies per disintegration of 226Ra and its daughter products through 214Po, respectively, taking into account the frequency of emissions for the particular energies; and f Rn , is the fraction of radon gas escaping from the organism. The half-life of radon gas is 3.82 days, hence the reasoning made earlier for thoron cannot be applied for radon. Therefore, the fraction, f Rn, of radon gas produced inside a Gammarus that escapes from the organism ought to be known in order to calculate the mean alpha energy available for deposition within the organism after accumulation of 226Ra. Laboratory experiments were set up to determine the fraction, f Rn, of radon that escapes from Gammarus previously labelled with 226Ra [14] . The mean fraction of radon escaping from vol. 14 -n° 2 the labelled organism is fRn= 0.62 ± 0.09 (1) with a range from 0.425 ± 0.003 to 0.84 ± 0.01.
Thus substituting fRn = 0.62 in place of f Rn into equation (3), the mean energy, EαR, available for deposition in Gammarus following uptake of 226Ra is:
T he amphipod Gammarus occuring in the Hudson R iver
The macrozooplankton, Gammarus, most usually collected in the Hudson River estuary is G. tigrinus [8] ; however, G. fasciatus and G. daiberi are also likel to occur in the Hudson riber. According to Bo u s f ie l d , strictly fresh water amphipods like G. fasciatus may be washed into estuaries or even into marine habitats, but oligohaline brackish amphipods as Gammarus tigrinus and Gammarus daiberi, for example are seldom found in full marine salinities [1] .
Photograph of a typical Gammarus from Hudson river (Gxll)
The Gammarus spp. living in the Hudson River estuary constitute important food in the diet of many species of fish inhabiting the estuary. On the other hand, Gammarus eat bacteria, phytoplankton, other zooplankton, and also practice cannibalism.
The average life span of Gammarus in the Hudson River estuary is believed to be less than one year, because most of the adult population is consumed by other animals before growing old. However, 15 months is an acceptable upper limit for the lifetime of Gammarus in the Hudson River.
A magnified photograph (Gx 11) of a typical Gammarus of the Hudson River estuary is shown below. The total average weight of a mixture of adult and young adult organisms was found to be [5.2 ± 1. A detailed morphological description of the genus Gammarus is presented elsewhere [14] .
RESULTS AND DISCUSSION The alpha dose rates from radium to the whole body and distinct sites of Gammarus of Hudson River were calculated based on counting alpha tracks in autoradiographs [15] . The alpha dose rates for the whole body, G.I. tract, soft tissue, and a non-identified organ have been calculated on the basis of uniform distribution of 226Ra. The range of a 5.64 MeV alpha particle in tissue-like media is about 40 pm, which is shorter than the diameters of the organs considered, and corresponds to about 3 p. cent the average diameter of Gammarus [6] . Accordingly, it is assumed that the mean alpha energy available for deposition per disintegration of 226Ra (or 210Po, 
where Dα is in prad/hr.; and C is the average concentration of 226Ra (in pCi226 Ra/g) in the whole body or a particular organ of Gammarus. Only 32 p. cent of the energy of alpha particles emitted from the atoms of 226Ra plus daughters deposited in the exoskeleton of Gammarus will be delivered to the border layer internally adjacent to the Gammarus surface [ 15] . Thus, the average alpha dose rate to the exoskeleton can be expressed as 
VOL. 14 -n° 2
The percentage of alpha energy emitted that is retained in the appendage is 48 p. cent [15] . Thus, the average alpha dose rate to the exoskeleton can be expressed by: Dα = 25.7(0.48) C, = 12.3 C.
The average concentrations of alpha emitters in different sites of Gammarus of the Hudson River, where a quasi-steady state situation is assumed to prevail, were estimated based on short term studies on the accumulation of 226Ra plus daughters in Gammarus under laboratory conditions [14] . Thus this restriction must be kept in mind when using the values for the alpha dose rate for distinct sites of Gammarus. Table I shows the average concentrations of 226Ra in the whole body and distinct sites of Gammarus of Hudson River, as well as the average concentrations of 210Po and 228Th plus daughters, and the corresponding alpha dose rates. The alpha dose rate to the G.I. tract from 226Ra plus daughters, excluding 210Po, is 13prad/h (i. e., ~ 0.11 rad/yr). This dose rate is about 4 times higher than the alpha dose rate to the whole body due to 226Ra plus daughters and 228Th plus daughters (see Table I ). Nevertheless, that alpha dose rate to the G.I. tract is only about half the annual external dose received by Gammarus from 40K in sediments, as it can be seen in Table VIII . The G.I. tract should be considered as the "critical" organ for Gammarus because: (i) alpha emitters from the thorium series may contribute as high as twice that contribution from 226Ra plus daughters to the alpha dose rate to the G.I. tract when both 228Th and 226Ra are found to have similar activity concentrations; and (ii) the dose equivalent (in terms of mrem/yr) has an enhancing quality factor for alpha particles, while 40K (which contributes significantly to the external dose rate according to Table VIII, because of its presence in the sediments), is only a beta-gamma emitter. However, the concentration of 228Th in the G.I. tract of Gammarus is still to be determined, although 228Th is an important potential contributor to local alpha dose rates.
Hot spots of alpha emitters in soft tissue and exoskeleton may receive alpha dose rates 18 times higher than the average dose rates to soft tissues. However, those hot spots are believed to change sites within the organism as a function of time, thus the localized dose rates to hot spots may be meaningless, unless the average dose rate throughout the path of these hot spots can also be estimated.
The contents of 226Ra, 228Ra, 228Th, 40K and selected man-made radionuclides in Gammarus of Hudson River are listed in Table II , with the corresponding upper limits for beta dose rates. These upper limits were calculated by using Loevinger's approach [11] and including contributions from Auger -and conversion -electrons whenever those emissions might contribute significantly to the total beta dose rate. The conversion electrons from manmade 137Cs contribute over 20 p. cent to the beta dose per pCi 137Cs/g wet, while the Auger -plus conversion -electrons from the natural series emitters have contributions to the beta dose rate per pCi/g wet RADIOPROTECTION approximately as follows (see Table II ): 12 p. cent (from 228Ra-228Ac); 12 p. cent (from 228Th plus daughters); and 9 p. cent (from 226Ra-214Po). The upper limits of the internal beta dose rates from man-made radionuclides to Gammarus of Hudson River near Indian Point is only 3.2 p. cent of the internal beta dose rates from natural radionuclides.
The contribution from internal gamma radiation to the total dose rate may be regarded as negligible, because it would be about 3 orders of magnitude lower than other component contributions to the total dose rate to Gammarus. The internal gamma -dose rate to zooplankton has been approached by W oodhead through the following equation developed by Loevinger et al., [11, p. 853] : Dy = TCp0g x 10-3µrad/h (8) where: Γ, is the specific gamma -ray constant in cm2, rad/h. mCi; C, is the activity concentration in pCi/g; p0, is the density of the organism in g/cm3; and g is the mean geometrical factor in centimeters.
Formulas for Γ and g have been first derived by Marinelli et al. [12] . Values for Γ at several gamma energies are tabulated by Loevinger et al. [11, p. 889 and 904]. Thus the internal gamma dose rates to Gammarus can be easily calculated by placing g = 0.86 cm [14, appendix III] for Gammarus, but it is not included in Table II , because the values are too low as compared to the beta dose rates. Table VI Table VI are calculated from measurements of samples taken from the section of Hudson River in front of Indian Point Nuclear Power Plants, thus representing averages calculated only with the maximum values of concentrations of man-made radionuclides in sediments. Potassium 40 itself presents specific activity in the sediments more than twice the sum of specific activities of all other gamma emitting radionuclides listed in Table VI. In order to calculate the dose rate received by Gammarus from radio nuclides in the sediments of Hudson River in front of Indian Point, the following assumptions have been made: (i) radionuclides are uniformly distributed in an infinite slab of sediment; (ii) 238U is in equilibrium with daughters in sediment of Hudson River; (iii) 232Th is also in equilibrium with daughters in sediment of Hudson River;
(iv) Gammarus spend half day at sediment surface; (V) the contribution of natural gamma emitters in the sediments to the exposure rate at 1 meter above sediment surface is about 1/2 of that contri bution at sediment surface.
These assumptions were incorporated into the approximate expression presented by Lentsch to calculate external dose rates at sediment surface [10] . VOL Accordingly, the contribution to the external dose rate due to.beta and gamma emitters at sediment surface is given by the following expression:
where Dss = average dose rate at sediment surface, mrad/yr; Cs = average concentration of radionuclide in the sediment, pCi/g dry, £p = average beta energy, MeV/dis, and £Y = average gamma energy, MeV/dis. Equation (9) associated with the decay characteristics presented in [13] has been used to calculate the contributions per pCi/g dry of natural and selected man-made radionuclides found in sediments to the external dose rate to Gammarus at sediment surface and at 1 m above the sediment surface. [10] assuming that Gammarus spend half day at sediment surface and half day at 1 m above the sediment surface.
(b) Assuming half of the contribution at sediment surface.
Assuming that the external annual dose rates to Gammarus from the natural series for the years 1972 and 1973 remained the same as they were in the biennium 1969-1970, it may be observed that the annual external dose rate from man-made sources in the sediments in 1972 was about the same as the external dose rate from natural sources, while in 1973 the dose rate dropped again to the 1969-1970 level. These results are in agreement with the earlier estimated dose to benthos in the vicinity of Indian Point made by Wrenn et al. [24] . The total dose rates to Gammarus of Hudson River near Indian Point from natural and selected man-made sources are presented in Table IX , under the assumption that the external dose rates for the biennium 1969-1970 represent the ordinary levels in the Hudson River in front of Indian Point. The values of internal alpha and beta dose rates have been taken from Tables I  and II, respectively. vol. 14 -n° 2 The dose rate due to cosmic radiation has been estimated, assuming a value corresponding to 1/e of the dose rate at sea level [4, p. 194 ]. The dose rate from radionuclides in water has been neglected because the concen trations of both natural and man-made radionuclides in water are at least 2 orders of magnitude lower than those concentrations in Gammarus.
CONCLUSIONS
The total external dose rate of 673 mrad/yr (449 mrad/yr from natural sources) received by Gammarus from radionuclides in the sediments of Hudson River is in general agreement with the dose estimations made earlier by Folsom and Harley [5] , who put between 40 and 620 mrad/yr the dose rate from deep sea sediments when 40K is the only contributor. The combined radiations of natural and man-made radionuclides in sediments cause 95 p. cent of the total (internal plus external) radiation dose rate received by Gammarus of Hudson River in front of Indian Point.
The inescapable conclusion inferred from Table IX is that low level radioactivity releases from a long time operating nuclear power station located at Indian Point do not increase significantly the dose rate received by Gammarus from natural sources and from radionuclides produced in weapon-tests. It appears safe to suppose, to a first approximation, that benthic organisms are subject to higher dose rates from both natural and man-made sources deposited in the sediments than other marine organisms.
vol. 14 -N° 2
The alpha dose rate from radium to the G.I. tract of Gammarus may be 1 to 2 orders of magnitude higher than the natural alpha dose rate to the whole body. Therefore, the G.I. tract should be considered the "critical organ" for Gammarus, and further studies should be undertaken to determine the dose to the G.I. tract of zooplankton from man-made alpha emitters.
The dose rate from internal alpha emitters to the whole body contributes with only 4 p. cent to the total dose rate received by Gammarus of the Hudson River at Indian Point. However, in terms of dose equivalent, the natural sources (internal plus external) would contribute with more than 75 p. cent of the total dose to Gammarus, because of the biological effects of high LET radiation that make the dose from internally emitted alpha particles at least as important as those from background gamma plus beta radiation.
Further studies on the dosimetry of marine organisms of the first two trophic levels should be encouraged because the amount of data available is meager, but there are in the literature conflicting ideas on radioresistance of marine organisms [2, 17] .
